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SUPERCONDUCTING CONSTANT CURRENT SOURCE 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention: 

[0001] The present invention relates to superconducting digital logic circuits and more 
particularly to a current regulator for superconducting digital logic circuits. This regulator 
utilizes a non-hysteretic Josephson junction in conjunction with various types of Josephson 
junction logic to provide constant current control and/or biasing of a superconducting digital 
logic circuits in order, for example, to improve the noise isolation of the circuit from external 
noise, to improve the tolerance and the manufacturing yield of such devices to fabrication 
process variances, and to dramatically reduce circuit bias power consumption. 



2. Description of the Prior Art: 

[0002] Josephson junctions, named after Brian Josephson, who predicted the device in 
1962, are generally known in the art. Examples of such Josephson junctions are disclosed in U.S 
Patent Nos. 5,41 1,937; 5,278,140; 5,560,836 and 5,892,243, hereby incorporated by reference. 
In general, such Josephson junctions include two superconductors separated by an insulating 
barrier. Such Josephson junctions, are known to be formed on a substrate, such as Si0 2 , MgO, 
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LaA10 3 , YSZ, SrTi0 3 and NdGa0 3 , for example, as disclosed in U.S Patent No. 5,560,836. In 
general, a superconducting material is deposited on the substrate forming two continuous 
superconducting regions. 

[0003] Both hysteretic and non-hysteretic Josephson junctions are known. In particular, 
Josephson junctions formed from various metals or metal oxides having superconducting 
properties at low temperatures exhibit a characteristic hysteresis effect. More recently, various 
ceramic materials have been found to exhibit superconductivity at relatively higher temperatures 
than metals. These ceramic superconductive materials allow operation of the superconducting 
circuits with relatively lower cooling power requirement and higher overall energy efficiencies. 
These ceramic based superconductor materials are non-hysteretic. 

[0004] Josephson junctions are known to be used in signal processing applications, such 
as in digital logic circuits. In such applications, two or more Josephson junctions are known to 
be connected together in a superconducting loop forming a superconductive quantum 
interference device (SQUID). Examples of signal processing circuits formed from Josephson 
junctions and SQUIDs are disclosed in U.S Patent Nos. 4,785,426; 5,942,997; 6,127,960; 
5,051,627; 4,371,796; 4,092,553; 6,229,332, and 4,501,975, hereby incorporated by reference. 

[0005] Two primary types of superconductive digital logic circuits are known; voltage 

state latching logic and single flux quantum (SFQ) logic. Both voltage state latching logic and 
SFQ logic require constant current biasing of the Josephson junctions forming the logic circuits. 
In particular, as shown in FIG. 8, known superconducting logic circuits, generally identified 
with the reference numeral 99, are powered from an off chip power supply 92, which normally 
provides a relatively constant voltage to the logic circuit 99. Current from the off chip power 
supply 92 is limited by a current limiting bias resistor 90. The magnitude of the bias resistor 90 is 
determined by the isolation requirements between the power source bus 92 and the logic device 
99. In particular, the bias resistor 90 is often selected to be relatively large such that the voltage 
drop across it is 5 to 10 times or more larger than the voltage drop across the Josephson junction 
logic device 99. This is done to provide constant current to the logic element 99, which is 
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nominally independent of the logic state of device 99 and to isolate the changes occurring in the 
logic device 99 from the power bus above the resistor 90 and hence isolate the rest of the logic 
circuit from the logic state of the logic circuit device 99. This method of biasing the logic 
element is wasteful of the total circuit power. 

[0006] Unfortunately, during fabrication, the resistance R of the biasing resistor 90 is 

determined in a completely independent processing step from that which determines the average 
critical current density Ic of the Josephson junctions forming the logic circuits. Thus, any 
fabrication process fluctuations affecting the biasing resistor 90 will affect the constant current 
supplied to the digital logic circuit 99, totally independent of the average critical current density 
required by the Josephson junctions forming the logic circuit. As such, process fluctuations can 
significantly reduce the manufacturing yield of such circuits. 

[0007] One known approach to improve the on-chip voltage/current control to such 
superconducting logic devices is as shown in FIG. 1. Such superconducting logic devices 
generally identified with the reference numeral 20, are known to be powered from an off chip 
power supply 22, which normally provides a relatively constant voltage to the bias resistor of the 
logic circuit. The distribution of the current from the off chip power supply 22 to the logic gate 
20 is known to be regulated on chip by way of a hysteretic Josephson junction 24, a current 
limiting resistor 26, and a biasing resistor 28. The Josephson junction 24 acts as a constant 
voltage source (somewhat like a semiconductor zener diode) which latches to the gap voltage Vg 
of the Josephson junction 24. In its desired operating mode, the hysteretic junction 24 operates 
along portion 42 of the I/V curve illustrated in FIG. 3. The common node between the 
Josephson junction 24, current limiting resistor 26 and biasing resistor 28 is held at a relative 
constant voltage, independent (over a limited operating range) of the changes in the supply 
voltage 22. This fixed voltage at this node, combined with the fixed bias resistor 28, assures a 
constant current to the logic element 20. Current from the off chip power supply 22 is limited by 
the current limiting resistor 26. The magnitude of the biasing resistor 28 determines the current 
supply to the logic circuit 20 (i.e., V<yR). But for non-hysteretic Josephson junction logic, the 
regulated voltage of Vg provided by this approach is many times larger than the actual voltage 
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existing across the Josephson junction logic devices, hence, still wasting significant power in the 
large bias resistor 28, as discussed above, as well as in the relative large regulator current 
limiting resistor 26 (for which as much as 1.5 times or more power is dissipated above the circuit 
power requirement). Thus, there is a need to replace these and other passive relatively large 
resistors with some other means to control the current flow as well as provide the necessary 
circuit element isolation while at the same time providing a current regulator in which the 
manufacturing yield is not as dependent upon the processing fluctuation differences between that 
of thin film resistors used to determine the on chip constant current supply and that of the logic 
elements. 

SUMMARY OF THE INVENTION 

[0008] Briefly, the present invention relates to an on-chip current regulator for a 

superconducting logic circuit that isolates the superconducting logic circuit from external noise 
and reduces the effects of process fluctuations on the performance of the logic circuit. Also, a 
primary feature of this invention relates to the reduction of the bias power to nominally around 
that of the circuit element rather than 5 to 10 times this value. The on-chip current regulator in 
accordance with the present invention includes one or more Josephson junctions, in parallel with 
a resistor forming a non-hysteretic resistively shunted junction (RSJ) or a self shunting, naturally 
"non-hysteretic" junction that does not require a separate parallel resistor. One non-hysteretic 
junction may be coupled between an off-chip current supply and a Josephson junction circuit 
element to provide improved isolation from external noise, improved tolerance to process 
variations, and significant reduction in total circuit power requirement. One or more non- 
hysteretic junctions may be coupled between superconducting logic circuit elements to reduce 
the sensitivity of the circuit to process fluctuations in the connecting resistor, thereby improving 
the manufacturing yield. In an alternate embodiment of the invention, one or more RSJs can be 
used in place of the RSJ and the biasing resistor. In another alternate embodiment of the 
invention, the current regulator is formed from an RSJ and a serially coupled damping 
impedance. 
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DESCRIPTION OF THE DRAWINGS 

[0009] These and other advantages that the present invention will be readily understood 
with reference to the following specification and attached drawing wherein: 

[0010] FIG. 1 is a schematic diagram of a known voltage regulator circuit for providing a 
controlled current supply to superconducting logic circuits. 

[001 1 ] FIG. 2 is a schematic diagram of a resistively shunted junction (RS J) in 

accordance with one embodiment of the present invention. 

[0012] FIG. 3 is a graphical illustration of the I-V characteristics of a resistively shunted 

junction (RSJ) incorporating a non-hysteretic junction^ shown in solid, line and the I-V 
characteristics of a hysteretic junction shown in dashed lines. * ^ 0 ~° J> 

[0013] FIG. 4 is a schematic diagram of a current regulator in accordance with one aspect 
of the present invention illustrating the use of a RSJ in place of a current limiting resistor. 

[0014] FIG. 5 is a schematic diagram of an alternate embodiment of the invention 
illustrating the use of an RSJ and damping impedance in place of a biasing resistor. 

[001 5] FIG. 6 is a schematic diagram of an alternate embodiment of the invention 
illustrating the use of multiple RS Js. 

[0016] FIG. 7 is a schematic diagram of an alternate embodiment of the invention formed 
from an RSJ and a damping impedance which significantly reduces the power of the logic circuit 
elements. 

[001 7] FIG. 8 is a schematic diagram of the prior art illustrating the biasing a logic 
element with a large bias resistor and an external power source. 

[001 8] FIG. 9 is a schematic diagram of the electrical equivalent circuit of a biased 

Josephson junction in accordance with the present invention. 
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DETAILED DESCRIPTION 

[001 9] The present invention relates to an on chip current regulator for use with 
superconducting logic circuits that is able to provide isolation from external noise and also 
reduces the logic element sensitivity to fabrication process variations of the bias resistors 
presently used to form the on-chip current regulation. The principles of the present invention are 
suitable for use with any known superconducting logic circuits, such as voltage state latching 
logic and single quantum (SFQ) logic circuits, which require a constant current source for proper 
operation. In one embodiment of the invention, as shown in FIG. 4, a resistively shunted 
junction(s) (RSJ) or other non-hysteretic Josephson junction(s) is used in place of the current 
limiting resistor 26 discussed above. In alternate embodiments of the invention, as illustrated in 
FIG.s 5 and 6, one or more RSJs are used in place of the biasing resistor 28. Alternatively, one 
or more RSJs can be used in place of both the current limiting resistor 26 and the biasing resistor 
28 of FIG. 1. FIG. 7 illustrates an embodiment in which the current regulator is formed from an 
RSJ and a serially coupled damping impedance. 

[0020] As discussed above, hysteretic Josephson junctions are normally utilized with 

superconducting logic circuits to form a voltage regulator for superconducting logic circuits. In 
particular, such superconducting logic circuits include an on chip current regulator which 
includes a hysteretic Josephson junction, a current limiting resistor and a biasing resistor as 
discussed above. In accordance an important aspect of the invention, a Josephson junction is 
used to form an on chip current regulator that is not only tolerant of off chip noise but also 
desensitizes the on-chip current regulator to process fluctuation in the resistors, formed during 
different processes than the Josephson junctions. As will be discussed in more detail below, the 
current regulator junction is made during the same process steps as the Josephson junctions 
forming the logic circuits. Thus, any process fluctuations in the current regulator junction will 
also occur in the gate junctions of the logic circuitry. As such, process fluctuations will 
generally affect the supply and demand of current in the logic circuit equally, thereby providing 
for self-compensation of any process fluctuations, and consequently yielding a larger fraction of 
usable circuits. 
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[0021 ] Referring to FIG. 2 a resistively shunted junction (RSJ) 30 in accordance with the 

invention is illustrated. The RSJ 30 includes a Josephson junction 32, for example, a non- 
hysteretic Josephson junction formed from a Josephson junction and a resistor 34, connected in 
parallel. Such a device has a equivalent circuit as illustrated in FIG. 9. Although the invention is 
discussed in terms of an RSJ, a self shunting or naturally non-hysteretic junction which does not 
require a parallel resistor which has an I- V characteristic similar to the solid curves shown in 
FIG. 3 can alternatively be used. In accordance with the present invention, such a self shunting 
junction can be used without a separate parallel resistor. An example of such a self shunting 
junction is disclosed in Patel et al., "Self-Shunted Nb/A10g/N b Josephson Junctions", IEEE 
Transactions on Applied Superconductivity, Vol. 9, No. 2, June 1999, pages 3247-3250, hereby 
incorporated by reference. As will be discussed in more detail below, the RSJ 30 may be used to 
replace the current limiting resistor 26, as shown in FIG. 4, and/or may be used to replace the 
biasing resistor 28, as shown in FIG. 5 and 6 in a known current regulator as discussed above. 
This RSJ 30, more importantly, can replace the bias resistors as shown in FIG. 7 that are often 
used for Josephson junction logic in such a way to dramatically reduce the total power 
consumption relative to known circuits. 

[0022] The present invention is best understood with reference to FIG. 3, which 

illustrates the I-V characteristic of an RSJ incorporating a non-hysteretic Josephson junction 
illustrated by a solid lines 38 and the I-V characteristics of a hysteretic Josephson junction, 
shown by way of the dashed line 40. As shown, the hysteretic Josephson junction operates in a 
portion 42 of the characteristic curve 40 in which the junction has a relatively small differential 
resistance. When the hysteretic Josephson junction is biased in this portion 42 of the curve 40, it 
behaves virtually as a nearly ideal voltage source. As such, the voltage Vg of the hysteretic 
junction is relatively constant, independent of the current as described in U.S. Patent #3,696,287 
to Silver, et. al, hereby incorporated by reference. 

[0023] In contrast a non-hysteretic Josephson junction functions as a relatively large 

differential resistance as evidenced by the characteristic curve 38 and essentially behaves 
nominally as a current source from V approximately equal to zero to voltages somewhat less 
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than Vg- As shown, the current is relatively constant at lower voltages. These characteristics are 
used to improve the noise tolerance and manufacturing yield of superconducting logic circuits 
with on-chip current regulators as discussed below. More importantly, the use of the portion of 
the curve for the voltage drop across the regulator approaching zero voltage permits significant 
reduction in circuit power consumption while still providing the noise tolerance and yield 
attributes mentioned previously. 

[0024] The characteristics of the current regulator is primarily controlled by the 

properties of its I/V curve. Below the critical current Ic of the regulator, there is no voltage 
associated with the current flow which is passed on to the circuit being controlled. Above the 
regulator critical current Ic, the regulator starts to drop voltage as the current tries to increase, 
hence attenuating the current changes seen by the circuit being controlled. Ideally, this portion 
of the I/V curve would be "flat", so that there is no increase in current flowing through it as the 
voltage drop across it increases. But as seen in the FIG. 3, which illustrates the regulator I/V 
curve, the curve of a non-hysteretic Josephson junction increases gradually, then more rapidly, 
eventually having a slope related to the shunt resistor used to critically or over-damp the 
regulator Josephson junction. The total current in this portion of the I/V curve is composed of 
the d.c. portion equal to the Ic of the junction plus an a.c. portion resulting from the voltage bias 
across the regulating junction, both properties of Josephson junction technology. For the 
application of replacing the bias resistor of SFQ logic, a pure d.c. current is desired. This can be 
achieved by the use of reactive elements that smoothes and/or shunts the a.c. portion of the 
current. Loss-less capacitive and inductive elements can be used. In this case it has been found 
that inductive smoothing/filtering is effective. As noted, with the present state of the art of non- 
hysteretic junctions, the useful range of the portion of the curve 38 is somewhat limited. 
Nominally it is sufficient for RSJ logic, but requires the use of multiple Josephson junctions for 
use with hysteretic logic. 
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[0025] The following design variables can be used to shape this portion of the W curve. 
Extension of the relative "flat" portion of the curve further enhances the already significant 
regulator benefits of immunity of the regulated circuit to external noise, power source 
fluctuations, and reduction of total power consumption. 

[0026] The current regulator utilizes a shunted (either natural or fabricated) Josephson 
junction as the basic dynamic element. The RS J equivalent circuit contains a shunt resistor, a 
parallel capacitor, both across an ideal Josephson junction as illustrated in FIG. 9. A primary 
controlling relationship is: 

Beta-c(Ic A 2, R, Jc, C) = (4*Pi*e/h)*(Ic*R) A 2*(C7Jc) 
Where 

Pi = 7t = 3.141 — 
e = charge of an electron 
h = Boltzman constant 
Ic = The JJ critical current 

R = The effective shunt resistance (composed of parallel resistances of the insulator leakage 

resistance, the quasiparticle current conductance, and the shunt resistance). 

C = Capacitance per unit area of the JJ junction 

Jc = The critical current density of the JJ (where Jc* A = Ic) 

A = The JJ cross section area 

For an over damped Josephson junction, Beta-c is < or = 1, being close to 1 for a critically 
damped junction. 

[0027] Assuming that Beta-c is fixed, the variables available to shape the I/V curve of a 
damped Josephson junction are Ic, R, C\ and Jc. 

• C: For a given fabrication process, C is nominally independent of the other parameters 
(varying logarithmically with Jc, i.e., with the tri-layer dielectric thickness). On the other hand, 
other materials, such as semiconductor, have been used as the barrier material which give 
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significant larger thickness, hence decreasing C proportional to the increase in thickness. 

• Ic: Ic can be varied by design, the lower value being primarily limited by thermal noise 
associated with the current. Nominal Ic's vary from, but not limited to, a few tens of microamps 
to a few milliamps. 

• Jc: The larger Jc is, the faster the circuits function. The upper limit on Jc is primarily a 
fabrication tools/process controlled. The nominal demonstrated range for Jc is few hundred 
amps/cm2 to tens of 1,000 amps/cm2, but is being continuously pushed upwards for higher clock 
speed logic. 

• R: The shunt resistance portion of R is presently primarily controlled by design. From 
other analysis for this application of Josephson junction technology, the larger the value of R is, 
the larger the current control range will be. Hence, an approach is to vary the other parameters in 
the above equation such that R can be maximized, that is decrease Ic and C while increasing Jc 
within the constraints given above. 

• Stacked Josephson junctions: Another variable that can extend the regulation operating 
range is that of stacking regulation Josephson junctions, hence increasing the total Vg of the 
combination, and consequently further "flattening" the regulator I/V curve more over an 
extended voltage range. 

• Looking more closely at the critically, and/or over-damped Josephson junction I/V curve, 
the current for I>Ic is composed of a) a "d.c." component equal to Ic, and b) an "a.c." component 
which is a function of the voltage imposed across the Josephson junction of the current regulator. 
In principle, by use of inductive/capacitive filtering, all of the current passing through the 
"regulator" can be utilized in the circuit being controlled. (Although pure resistive elements are 
usually avoided in superconductive circuits due to their power dissipative properties, some use of 
them is sometimes necessary to control parasitic circuit oscillations and to avoid flux trapping 
within superconductive loops.) However, further I/V curve shaping which provides extension of 
the operating dynamic range can be achieve by the shunting some or all of the voltage related 
"a.c." current around the circuit being tested. Whatever fraction of this a.c. component of the 
current that can be shunted around the circuit being controlled will extend the effective current 
regulation range. Note: this "a.c." content goes from a very low pulse repetition rate (essentially 
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zero frequency at very low voltage bias) to 100s of GHz as the voltage bias approaches Vg (the 
gap voltage of the regulator Josephson junction). Although this a.c. current shunting will 
increase the power dissipation of the system, it may well be worth that trade for increase margins 
on a complex system (note that this shunted current/power can still be very low compared with 
the dissipation associated with a fixed resistor bias approach). 



[0028] Various exemplary applications of the current regulator in accordance with the 

present invention are contemplated as set forth below. 

• Logic element bias (FIG. 7): The current regulator can be used to replace the fixed bias 
resistor to each, or group, of superconductor circuit logic elements. Appropriate design 
including isolation/damping elements can reduce the power consumption of a single flux 
quantum (SFQ) circuit by and order of magnitude or more. 

• Voltage regulation: The current regulator can be used to replace the fixed resistor of the 
superconductor voltage regulator. As with the semiconductor circuits, this will further enhance 
the quality of the voltage regulation. (FIG. 4) 

• Current coupling: The current regulator can also be used to replace some of the other 
resistors that are used in superconductor circuits. For example, the shunted, regulator circuit 
element can be used to replace resistors in the superconductor circuits whose function is to 
control the current flow between circuit elemralk/, for example, replacing the current limiting 
resistor between logic stages of a MVTL and other classes of superconductor circuits. This 
resistor replacement approach is most compatible for those instances where the expected voltage 
drop across the regulator is some fraction of its Vg, although stacking of shunted Josephson 
junctions can extend the voltage range to which this element can be applied. 



[0029] One embodiment of a current regulator for a superconducting logic circuit in 

accordance with the present invention is illustrated in FIG. 4. This embodiment, illustrated with 
the reference numeral 50, includes a non-hysteretic Josephson junction 56 and a resistor 58 
forming a current limiting resistively shunted junction (RSJ) 54. The resistor 58 may be a thin 
film resistor and connected in parallel with the non-hysteretic Josephson junction 56. The RSJ 
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54 is connected between an external power source and more particularly to an off-chip voltage 
regulator (not shown) and a hysteretic Josephson junction 52 at a common node 59. A biasing 
resistor 60 is connected between the node 59 and a superconducting logic circuit 62 as discussed 
above. In this embodiment, the RSJ 54 improves the noise isolation of the on-chip current 
regulator. In particular, as discussed above, the I-V characteristics of the RSJ 54 are parabolic as 
illustrated in FIG. 2. By operating the RSJ 54 in the portion 38 of the characteristic I-V curve, 
the current output of the RSJ 54 will be quasi-constant. As such, the RSJ 54 itself will provide 
current regulation, thus improving the overall current regulation of the on-chip current regulator. 

[0030] In an alternate embodiment of the invention as illustrated in FIG. 5, a constant 

regulator 70 is disclosed. The current regulator 70 includes a current limiting resistor 72, 
connected between an off chip current supply (not shown) and a node 74. A hysteretic 
Josephson junction 76 is connected between the node 74 and ground. An RSJ 78, which includes 
a non-hysteretic Josephson junction 80 and a parallel resistor 82 is coupled between a 
superconducting logic gate 84 and the node 74. In this embodiment, a damping impedance 83 
may be required to prevent oscillation of the RSJ. In particular, RSJs are known to oscillate at a 
frequency proportional to the voltage across them. As such, it may be necessary to dampen/filter 
these oscillations so that they do not influence the biasing of the logic circuit. The 
damping/filtering impedance 83 can be various devices including a series inductance, shunt 
capacitance and/or a small series resistance in combination to form a low pass filter. 

[0031 ] In the embodiment illustrated in FIG. 5, the RSJ 78 is used in place of the biasing 

resistor 23 (FIG. 1) and is used to reduce the sensitivity of the chip to circuit fabrication process 
fluctuations of thin film resistors, such as the resistor used for the bias resistor 28 produced 
during processing stages other than the processing stages for the Josephson junctions. As 
discussed above, the RSJ 78 is operated in the portion 38 (FIG. 3) of the characteristic curve. As 
shown in FIG. 3, at operating voltages in a region less than Vg, the current is relatively constant, 
thus desensitizing the regulator to such fabrication process fluctuations. Since the RSJ is made 
during the same process steps as the superconducting logic circuit, any fluctuations in the 
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regulator circuit affecting the supply of current will also affect the logic circuit and thus the 
demand for the current, hence being somewhat self compensating for these fabrication variances. 

[0032] The current regulator in accordance with the present invention should be operated 

in the highest differential resistance portion of its I-V characteristic. As such, the RSJ must not 
be required to take up too much of the difference between a latching voltage Vg and the 
operating voltage on the gate. As such, as illustrated in FIG. 6, multiple RSJs 90, 92 and 94 may 
be used as shown in the regulator 98 where control over larger voltage range is required. 

[0033] In the embodiment illustrated in FIG. 7, the RSJ 91 is used in place of the fixed 

biasing resistor 90 of FIG. 8. The RSJ 91 is formed from a Josephson junction 92 and a shunt 
connected resistor 94. A damping impedance 96 may be disposed between the RSJ 91 and the 
gate 98. The RSJ 91 is used to reduce the bias bus voltage to that comparable to twice or less 
than that of the gate 98, rather than the 5x to lOx nominally required for the circuit configuration 
of FIG. 8. Not only is the circuit power consumption proportionally reduced, but enhanced noise 
suppression and increased fabrication variance tolerance are achieved. For some of the SFQ 
logic circuit designs in present art, this current regulator can reduce the power consumption by 
much more that an order of magnitude. In many cases, the use of this invention will reduce the 
necessary circuit power dissipation to much less than or equal to about a factor of two of the 
ultimate minimum power possible for this very low power, ultra high speed integrated circuit 
technology. 

[0034] Obviously, many modifications, combinations, and variations of the present 

invention are possible in light of the above teachings. Thus, it is to be understood that, within 
the scope of the appended claims, the invention may be practiced otherwise than as specifically 
described above. 
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